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By T. W. Reynolds 
SUMMARY 
N e t  je t  thrusts f o r  s to i ch iomet r i c  hydrocarbon-air, hydrogen-air 
and pentaborane-air  mixtures are compared f o r  equi l ibr ium and f rozen  
expansion i n  the exhaust nozzle a t  flight Mach numbers up t o  10. N e t  -. 
jet t h r u s t s  f o r  equi l ibr ium flow were th ree  t o  f i v e  times that f o r  f r o -  
zen flow a t  Mach 10 f o r  t h e  three f u e l s  c i t ed ,  a hydrocarbon (CHZ)~, 
hydrogen, and pentaborane . 
Examinations of t h e  d i s s o c i a t i o n  products involved and the ene rg ie s  
a s soc ia t ed  wi th  them, f o r  the hydrocarbon- and hydrogen-air mixtures 
ind ica t ed  that: 
hydrocarbon mixture is  involved i n  t h e  carbon monoxide molecule. Recent 
rate data i n d i c a t e  t h a t  t h i s  molecule would not be i n  equi l ibr ium during 
t h e  expansion process.  These examinations a l s o  ind ica t ed  that  i n  t h e  
hydrogen-air mixtures, t h e  d i s s o c i a t i o n  energy i s  d i s t r i b u t e d  i n  H2, O H ,  
H, and 0. 
ably fo l low equilibrium. It i s  uncer ta in  whether H2 r e a c t i o n s  w i l l  f o l -  
low an  equi l ibr ium o r  f rozen  path.  Reactions involving NO decomposition 
w i l l  probably fol low f rozen  flow. 
involved i n  t h e  NO molecule is  small f o r  the cases  examined. 
a major p o r t i o n  of the d i s soc ia t ion  energy f o r  the 
Recombinations of t h e  H and 0 atoms and the OH r a d i c a l  prob- 
Fortunately,  t h e  amount of energy 
INTRODUCTION 
The continued ex tens ion  of f l ight ve loc i ty  t o  h igher  Mach numbers 
has  brought i n t o  focus c e r t a i n  considerations that were unimportant a t  
low flight v e l o c i t i e s .  One such problem is t h e  effect of d i s s o c i a t i o n  
and recombination r e a c t i o n s  on exhaust-nozzle thrust ,  which i s  r e p o r t e d  
here i n .  
' 
the ram-air temperature inc reases  (fig. 1). When fuel  is  added t o  t h e  
air  i n  t h e  combustor t o  raise the temperature l e v e l  so that expansion 
through t h e  exhaust nozzle w i l l  provide t h r u s t ,  t h e  temperature r ise  of 
t h e  combustion products  i s  limited by  the inc reas ing  amounts of energy 
I n  an  a i r -b rea th ing  engine, as t h e  f l i g h t  Mach number inc reases  
. e. e .  e 
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that  are used i n  the d i s s o c i a t i o n  r e a c t i o n s  ( f i g .  1). The equi l ibr ium 
temperature of t h e  exhaust products  increases  as the Mach number i n -  
creases ,  b u t  t h e  temperature r i se  becomes smaller. I n  f a c t ,  near  Mach 
10, no temperature r i se  a t  a l l  w i l l  occur w i t h  the hydrocarbon f u e l  used. 
If no d i s s o c i a t i o n  occurred, the temperature l e v e l  would be that 
shown by t h e  t o p  curve of f i g u r e  1 f o r  complete oxidat ion.  The ex ten t  
of the temperature dev ia t ion  f o r  the combustion products  w i th  and without  
d i s soc ia t ion  i s  an  ind ica t ion  of the magnitude of t h e  energy involved i n  
d i s soc ia t ed  products .  
I n  engine performance ana lys i s ,  it i s  customary t o  assume that t h e  
exhaust gas en te r ing  the exhaust nozzle i s  i n  t h e  equi l ibr ium state. 
When t h i s  gas  expands through the nozzle,  the amount of t h r u s t  a t t a i n a b l e  
w i l l  depend upon the ex ten t  of recombination r eac t ions ,  which yield 
chemical energy t o  be converted i n t o  k i n e t i c  energy of t h e  exhaust 
stream. 
ac t ions  involved, t he i r  r e spec t ive  r e a c t i o n  rates, and t h e  res idence  
t i m e  i n  t h e  nozzle. 
The ex ten t  t o  which recombination occurs depends upon the re- 
Modes of energy s torage  o the r  t han  d i s s o c i a t i o n  may be involved, 
such as r o t a t i o n a l  and v i b r a t i o n a l  energ ies ,  which may have r e l a x a t i o n  
t i m e s  long enough t o  a f f e c t  t h e  flow va r i ab le s .  A discuss ion  of  these 
energy modes i s  found i n  re ferences  1 t o  4. 
i s  assumed wi th  r e spec t  t o  these modes. 
I n  t h i s  r e p o r t ,  equi l ibr ium 
Herein are discussed: (a) t h e  magnitude of t h e  thrust  d i f f e rences  
between chemically f rozen and chemical equi l ibr ium flow during t h e  
exhaust-nozzle expansion process ,  (b) the types of chemical spec ies  i n  
which the major f r a c t i o n s  of d i s s o c i a t i o n  energy are involved, and (e)  
r eac t ion  rate information r equ i r ed  t o  establish the approach t o  equ i l ib -  
r i u m  flow. 
The f u e l s  considered are a hydrocarbon ( C H Z ) ~ ,  hydrogen H2, and 
pentaborane B5Hg. 
SYMBOLS 
A area, s q  f t  
Fn ne t  j e t  t h r u s t ,  lb 
f f u e l - a i r  weight r a t i o  









enthalpy difference, Btu/lb of mixture 
.mechanical equivalent of heat, 778 ft-lb/Btu 
ine r t  body 
s t a t i c  pressure, lb/sq f t  
s t a t i c  temperature, OR 
velocity, f t /sec 
w e i g h t  flow of air, lb/sec 
r a t i o  of specific heats 
Subscripts : 
a air  
c combustor 
eff effect ive 
i i n l e t  
j jet  exhaust 
n net 
0 f r e e  stream 
EXPANSION CAIXXLATIONS 
The n e t  jet thrust f o r  a ramjet engine is 
For complete expansion of the exhaust, equatidn (1) reduces t o  
The jet  velocity is  calculated from the energy re la t ion  
v j  = d w  (3 1 
which involves the enthalpy change occurring i n  the expansion process. -
......................... . 0 .  . 0 .  . 
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The comparison of t h r u s t  f o r  a chemical equi l ibr ium and a chemically 
frozen expansion process,  then, is  made by obta in ing  the entha lpy  change 
f o r  an i s e n t r o p i c  expansion under each condition. 
I n  making engine performance c a l c u l a t i o n s ,  it i s  g e n e r a l l y  assumed 
t h a t  t h e  gas  m i x t u r e  en t e r ing  t h e  exhaust nozzle i s  a n  equi l ibr ium mix- 
t u r e  of combustion products. 
Calculated equi l ibr ium compositions f o r  combustion products  of 
s e v e r a l  fue l -oxidant  combinations a t  var ious  temperature and p res su re  
l eve l s  are available i n  r e fe rences  5 t o  7. I n  add i t ion ,  thermodynamic 
cha r t s  and t a b l e s  f o r  combustion products  of air  and f u e l s  conta in ing  
boron, carbon, hydrogen, and oxygen are a l s o  a v a i l a b l e  (refs. 8 t o  10). 
For example, table I gives  t h e  composition data f o r  a s to i ch iomet r i c  
m i x t u r e  of a hydrocarbon f u e l  wi th  a i r .  The composition data a t  3.4 
atmospheres and 5430' R, might correspond t o  t h e  exhaust-nozzle i n l e t  
conditions f o r  a ramjet engine a t  Mach 7 a t  an a l t i t u d e  of 100,000 f e e t .  
If t h i s  m i x t u r e  of a hydrocarbon and a i r  expanded through the nozzle 
maintaining t h i s  composition (frozen f low) ,  t h e  en tha lpy  change would be 
the summation of t h e  sens ib l e  h e a t  content changes f o r  each c o n s t i t u e n t .  
If t h e  m i x t u r e  expanded while  maintaining equi l ibr ium composition 
a t  each temperature and pressure  throughout (equilibrium f low) ,  t h e  
compositions at  pressure  l e v e l s  of 1 and 0.1 atmosphere would be those  
a l s o  shown i n  t a b l e  I. During t h i s  expansion, considerable r e a c t i o n  
would have occurred and t h e  products  would approach those  of a complete 
r eac t ion  without  d i s soc ia t ion .  I n  t h e  equi l ibr ium expansion process ,  
then, t h e r e  is  en tha lpy  change from h e a t s  of r e a c t i o n  i n  a d d i t i o n  t o  the 
enthalpy change due t o  t h e  sens ib l e  hea t  c a p a c i t y  of t h e  products.  
There may a l s o  be a change i n  t h e  molecular weight of t h e  products.  
Some t y p i c a l  r e a c t i o n s  poss ib l e  i n  a hydrocarbon-air system along wi th  
t h e  hea t s  involved are shown i n  table 11. This l i s t  i s  not intended t o  
b e  complete, but it i s  included t o  i l lust rate  t h e  types  of r e a c t i o n  i n -  
volved. It may a l s o  serve  t o  suggest t h e  complexity of an attempt a t  a 
complete and r igo rous  treatment of t h e  expansion process  based on t h e  
r eac t ion  r a t e s  of a l l  poss ib l e  r eac t ions .  (This sub jec t  i s  d iscussed  
i n  the s e c t i o n  Reaction Rates . )  
N e t  j e t  t h r u s t s  p e r  pound of a i r f low were ca l cu la t ed  from equat ion  
(2) f o r  t h r e e  f u e l s :  
boron f u e l ,  pentaborane. 
numbers up t o  10 a t  an assumed a l t i t u d e  of 100,000 f e e t  and f o r  a s t o i -  
chiometric m i x t u r e  i n  each case.  
a t y p i c a l  hydrocarbon, hydrogen, and a t y p i c a l  
Calcu la t ions  were made f o r  a range of Mach 
Combustor p re s su res  were obtained assumdng a k i n e t i c  energy e f f i -  
The combustor p re s su res  obtained i n  ciency f o r  t h e  d i f f u s e r  of 0.875. 
t h i s  manner are shown i n  f i g u r e  2. 
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Enthalpy changes fo r  equilibrium expansions were calculated from 
the thermodynamic charts of reference 8. Enthalpy changes f o r  frozen 
expansion processes were calculated by using the  tabulated heat-capacity 
data i n  reference 8. The assumption was made tha t ,  at the same tempera- 
ture ,  the sensible heat capacity of a dissociated m i x t u r e  w a s  the  same 
as t h a t  of a completely reacted mixture without dissociation. The n e t  
j e t  th rus t s  per pound of air s o  calculated are shown i n  f igure  3. For 
a l l  fue ls ,  the  thrust fo r  a chemically frozen expansion i s  lower than 
f o r  an  equilibrium expansion and decreases more rapidly as the  Mach num- 
ber i s  increased. The difference i n  net je t  thrusts ,  therefore, increases 
as Mach number is increased. 
thrusts  f o r  f r o z e n  flow are  only one-third to one-fifth of those f o r  
equilibrium flow for  the fue ls  used (a typical  hydrocarbon, hydrogen, and 
pentaborane). 
the equilibrium and frozen expansion process may be the difference 
between an  operative and a nonoperative system a t  high f l i gh t  Mach num- 
bers. I n  any case, a considerable difference i n  fuel  economy i s  indicated 
between the two extremes of equilibrium and frozen flow. 
A t  Mach 10, for  example, t he  n e t  j e t  
It can readi ly  be surmised that  the  thrus t  margin between 
The thrus t  difference between the two expansion processes is ,  of 
course, dependent upon the amount of dissociation, which, i n  turn,  de- 
pends upon the temperature and the pressure level.  
then, i s  dependent upon the a l t i t ude  and upon the assumed pressure r e -  
covery f o r  the engine in le t .  The curves of f igure 3 were plot ted for  a 
diffuser kinetic energy efficiency of 0.875. N e t  j e t  thrusts were a l so  
calculated f o r  the hydrogen-air m i x t u r e  f o r  a kinet ic  energy efficiency 
of 0.95. The pressure levels f o r  t h i s  efficiency are  shown i n  f igure 2. 
The net thrusts f o r  hydrogen are  plot ted i n  f igure 4 i n  which it can be 
seen tha t  although the differences i n  net thrust are about the  same a t  
e i ther  efficiency level,  the r a t i o  of equilibrium t o  frozen thrust i s  
considerably different.  
The th rus t  comparison, 
These thrus t  calculations are  f o r  complete expansion t o  the ambient 
pressure i n  each case. 
the higher diffuser efficiency case (0.95), then, i s  the higher pressure 
r a t i o  available f o r  the expansion. 
emphasize the  sens i t i v i ty  of a comparison, such as the  r a t i o  of net j e t  
thrusts  t o  the  assumed pressure recoveries and a l t i tudes .  
The pr incipal  factor i n  the higher th rus ts  fo r  
This i s  mentioned here only t o  
It i s  interest ing t o  note, however, that  an improvement i n  diffuser  
pressure recovery of the magnitude shown (fig. 4) would y ie ld  nearly t h e  
same thrus t  f o r  a completely frozen expansion as is  obtained f o r  a com- 
p l e t e  equilibrium expansion a t  the lower diffuser efficiency level. For 
the same airflow, also, the  higher diffuser efficiency case would yield 
a much smaller diameter nozzle. 
The completely frozen or complete equilibrium expansion processes 
If a l l  the chemical reaction rates  involved were very fast 
essent ia l ly  represent the extremes of the possible process t o  be ex- 
pected. 
......................... . 0 .  . 0 .  . 
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compared wi th  t h e  res idence  t i m e  of t h e  gas i n  t h e  nozzle,  equi l ibr ium 
f l o w  would be expected. If a l l  t h e  r e a c t i o n  rates were very  slow com- 
pared w i t h  t h i s  res idence  t i m e ,  completely f rozen  composition expansion 
would be expected. The es t imat ion  of the approach of t h e  expansion proc- 
ess  t o  equi l ibr ium or f rozen  flow, t h e r e f o r e ,  re l ies  on information r e -  
garding t h e  r e a c t i o n s  involved, t he i r  r e s p e c t i v e  r e a c t i o n  rates, and t h e  
residence t i m e  i n  the nozzle. Some d iscuss ions  on t h i s  sub jec t  r e l a t i v e  
t o  rocket-engine nozzles  may be  found i n  r e fe rences  11 t o  16. 
RESULTS AND DISCUSSION 
Dissoc ia t ion  Energies 
The importance of t h e  r e a c t i o n  rates of t h e  many p o s s i b l e  s t e p s  
might be emphasized by examining t h e  amount of d i s s o c i a t i o n  energy i n -  
volved i n  each of t h e  var ious  chemica lproducts .  Then, t h e  more impor- 
t a n t  r e a c t i o n s  t o  consider  w i l l  be those  involving c o n s t i t u e n t s  t h a t  
hold a l a r g e  p a r t  of the d i s s o c i a t i o n  energy. 
Equi l ibr ium composition d a t a  are shown i n  table I I I (a)  f o r  a s t o i -  
chiometric hydrocarbon-air  mixture a t  5430' F and 3.4 atmospheres. These 
compositions correspond t o  those  t h a t  might exis t  i n  t h e  ramjet combustor 
a t  Mach 7 a t  an  a l t i t u d e  of 100,000 f ee t .  
similar d a t a  for a s to ich iometr ic  hydrogen-air  mixture, and a s to i ch io -  
metr ic  pentaborane-air  m i x t u r e ,  r e spec t ive ly .  If t h e  c o n s t i t u e n t s  a l l  
r e a c t  t o  t h e  complete oxida t ion  products  CO2, H20, and Nz, t h e  amount of 
heat evolved (shown i n  table 111) i s  t h e  energy involved i n  d i s soc ia t ed  
products.  If t h e  r e a c t i o n s  are assumed t o  proceed according t o  t h e  r e -  
ac t ion  p a t h s  ind ica t ed  i n  the table,  a c e r t a i n  percentage of t h e  t o t a l  
d i s soc ia t ion  energy can be  a s soc ia t ed  w i t h  each chemical cons t i t uen t .  
For example, i n  table  I11 (a), approximately 59 percent  of t h e  t o t a l  
energy i n  d i s s o c i a t e d  products  i s  involved i n  t h e  CO, and 17 percent  i n  
the  OH spec ie s  f o r  a t y p i c a l  hydrocarbon fuel .  
Tables I I I (b )  and (c )  conta in  
For t h e  hydrogen f u e l  (table 111(b)) at  5.2 atmospheres and 5710' F, 
approximately 27 t o  30 percent  of  the d i s s o c i a t i o n  energy i s  involved i n  
each of the products  H2, OH, and H, while about 9 percent  i s  involved i n  
the atomic oxygen 0. For the pentaborane fuel ,  approximately 66 percent  
of t h e  d i s s o c i a t i o n  energy i s  i n  t h e  BO molecule and about 11- percent  
i n  t h e  OH r a d i c a l .  The d i v i s i o n  of energy i n  t h i s  manner i s ,  of course,  
somewhat arbitrary i n  t h a t  it depends upon the p a r t i c u l a r  r e a c t i o n s  t h a t  
a re  s e l e c t e d  t o  ob ta in  complete oxida t ion  products .  The reasons  f o r  the 
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The energy i n  d i s soc ia t ed  products ,  as shown i n  table 111, repre- 
s e n t s  the major po r t ion  of the d i f fe rence  i n  the en tha lpy  change between 
t h e  equi l ibr ium and f rozen  expansion process,  provided t h a t  the expansion 
is  carried t o  a low enough temperature. The expansion c a l c u l a t i o n s  made 
h e r e i n  are a l l  f o r  condi t ions  where the equi l ibr ium exhaust products  
would be n e a r l y  complete oxida t ion  products.  I n  the c a l c u l a t i o n s  involv- 
i ng  pentaborane-air  conibustion products,  the B2O3 w a s  assumed t o  remain 
i n  the gaseous phase. 
Reaction Rate 
Considerat ion of the da ta  of table I11 i n d i c a t e s  w h a t  r e a c t i o n s ,  or 
rather what chemical products  are important w i th  r e s p e c t  t o  r e a c t i o n - r a t e  
information. 
For the hydrocarbon f u e l ,  a l a r g e  f r a c t i o n  of t h e  d i s s o c i a t i o n  
energy is  involved i n  the CO molecule, and a lesser amount i n  the OH 
r a d i c a l .  React ion rates involving CO and OH w i l l  obviously be of major 
importance i n  e s t a b l i s h i n g  the approach t o  equi l ibr ium flow f o r  t h e  
hydrocarbon fuel. For the hydrogen fuel ,  r eac t ions  involv ing  H2, OH, H, 
and 0 w i l l  a l l  be of major importance. 
For bo th  t h e  hydrocarbon and hydrogen f u e l ,  t h e  f r a c t i o n  of energy 
involved i n  the NO molecule is  so small t h a t  the rate of r e a c t i o n  involv-  
ing  t h i s  c o n s t i t u e n t  i s  probably of minor importance. This i s  fo r tuna te ,  
s ince  such r e a c t i o n s  are known t o  be rather slow compared w i t h  exhaust- 
nozzle res idence  t i m e s  (refs. 14 and 17 and ref.  18, p. 852). 
If the complete system of r e a c t i o n  equations involved i n  the ex- 
pansion process  were known, and, further, i f  the r e a c t i o n  rates of these 
equat ions were known, the approach of the flow t o  the equi l ibr ium. or  
f rozen  process  might be es tab l i shed .  A procedure f o r  e s t ima t ing  whether 
t h e  flow i s  near  equi l ibr ium or near  f rozen  is  ou t l ined  i n  r e fe rence  17 
along w i t h  some i l l u s t r a t i v e  examples. One r e a c t i o n  i s  examined a t  a 
t i m e  a t  some p o i n t  i n  the nozzle where the temperature, concent ra t ion ,  
and o the r  parameters of the f low are known. 
Ana ly t i ca l  expressions ind ica t ive  of near -equi l ibr ium of near  -f rozen 
flow are der ived  i n  re ference  17. The parameters involved are the 
r eac t ion - ra t e  cons tan ts ,  concentrat ions,  equi l ibr ium cons tan ts ,  and 
res idence  t i m e s .  Analyses such as these have been made f o r  s e v e r a l  re-  
a c t i o n  systems for which the r eac t ion - ra t e  cons tan ts  are known or can 
be est imated,  such as hydrogen atom recombinations, n i t r i c  oxide decom- 
pos i t i on ,  and hydrogen-fluorine r eac t ions .  
A t  the condi t ions  of temperature, concent ra t ions ,  and res idence  
times f o r  comparatively small scale rocket  engines (where t h e  temperature 
change r a t e s  are i n  t h e  range 3X1O7O K/sec), t h e  conclusions were that :  
(a) t h e  hydrogen gas system, involving atomic hydrogen recombina- 
t i ons ,  should fo l low t h e  equi l ibr ium pa th ,  
(b) t h e  hydrogen-f l uo r ine  system should fo l low the equi l ibr ium pa th ,  
( e )  t h e  n i t r i c  oxide decomposition r e a c t i o n  should fo l low a f rozen  
expansion pa th .  
It i s  presumed t h a t  a l l  the atomic recombination processes ,  such as 
0 + 0 + M +  02 + M 
and 
N + N + M * N z + M  
w i l l  b e  r ap id ,  as i s  the hydrogen recombination, so  that equi l ibr ium 
with r e spec t  t o  t h e s e  r e a c t i o n s  would be expected. 
Rate d a t a  f o r  t h e  recombination of hydroxyl r a d i a l s ,  OH, (refs. 19 
and 20) i n d i c a t e  it might be expected t o  fo l low an equi l ibr ium pa th .  
Reaction ra te  d a t a  f o r  the H2 molecule are not known and, t he re fo re ,  
it is  impossible t o  say whether t h i s  spec ies  would fol low the equi l ibr ium 
or  f rozen  p a t h  upon expansion. 




co + - 02 -+ c02 
t o  the ramjet condi t ions  of th i s  r e p o r t ,  where temperature change rates 
are  on the order  of lo6' K p e r  second, i n d i c a t e  that t h e  f low p a t h  would 
not be i n  equilibrium, but somewhere i n  between t h e  f rozen  and e q u i l i b -  
rium l i m i t s  f o r  t h i s  r eac t ion .  However, i n  the complex r e a c t i o n  scheme 
such as suggested by table  11, there may be a l t e r n a t e ,  more r a p i d  pa ths  
by which t h i s  s a m e  over-all resultant r e a c t i o n  could proceed. 
No further remarks are made h e r e i n  about t h e  energy d i s t r i b u t i o n s  
within spec ie s  f o r  the pentaborane-air  system f o r  two reasons:  
nature of some of the spec ie s  involved i s  c u r r e n t b j  be ing  questioned, 
and (b) a l a r g e  f r a c t i o n  of t h e  energy of t h i s  system i s  involved i n  
(a) the 
phase changes of t h e  boron oxide. 
behavior  of pentaborane-air  combustion products may be found i n  r e fe rence  
22. 
Some discussion of t h e  experimental 
Residence Time 
When r e a c t i o n - r a t e  information becomes ava i l ab le ,  it w i l l  r e q u i r e  
i n t e g r a t i o n  wi th  t h e  time h i s t o r y  of t h e  gas i n  t h e  nozzle a t  various 
temperature and p res su re  l eve l s .  The residence t i m e  w i l l  depend p r i -  
mar i ly  on t h e  length  of t h e  nozzle. 
t i m e  i s  l i t t l e  affected by whether t he  expansion is  f rozen  o r  at  
equilibrium. 
For a given nozzle, t h e  res idence  
Two r e p r e s e n t a t i v e  time-temperature curves are shown i n  figure 5. 
Both nczz les  are 4 feet long t o  t h e  th roa t ,  and 10 f e e t  i n  o v e r - a l l  
length.  The only  d i f fe rence  between t h e  two nozzles i s  t h e  contour of 
t h e  convergent s ec t ion .  
t h a t  of a s to i ch iomet r i c  f u e l - a i r  mixture i n  a ramjet a t  Mach 7. 
nozz le - in l e t  Mach number of 0.15 w a s  assumed. 
The nozz le- in le t  temperature corresponds t o  
A 
The gene ra l  order of magnitude of residence t i m e s  may be  noted t o  
be of t h e  order  of 2 t o  3 mill iseconds over most of the temperature 
change path.  
course, change t h e s e  t imes proportionately.  Rates of temperature change 
f o r  figure 5 are of t h e  order of 2.5X1060 R p e r  second over t h e  major 
p o r t i o n  of t h e  temperature change path.  
Changing t h e  o v e r - a l l  length of t h e  nozzle would, of 
The temperature l e v e l  w i l l ,  of course, be  h igh  i n  t h e  convergent 
s ec t ion .  Since, 
t h e  temperature i n  t h e  convergent s ec t ion  w i l l  be  wi th in  approximately 
87 percent  of t h e  combustion temperature. S imi la r ly ,  t h e  p re s su re  l e v e l  
i n  t h e  convergent s ec t ion  w i l l  be  wi th in  approximately 50 percent  of the 
combustion-chamber pressure  pc. Also, the res idence  time w i l l  be 
longes t  i n  t h e  convergent s e c t i o n  because of the subsonic v e l o c i t i e s .  
I n  genera l ,  t h e  tendency toward equilibrium flow should be greater 
c l o s e r  t o  t h e  nozzle entrance,  so  that if t h e  flow i s  examined at some 
p o i n t  and found t o  approach equilibrium, equi l ibr ium flow a t  any s t a t i o n  
upstream of t h a t  p o i n t  i s  l i k e l y  t o  occur. Conversely, if t h e  flow ap- 
proaches frozen-f low condi t ion  at some point ,  f rozen  flow at  any s t a t i o n  
downstream i s  l i k e l y .  
0 0 0  e .  0 
0 0 . 0 0 .  0 
0 0 .  0 . 0 . .  0 
0.0 0 0 . .  0 .0  00 . .  0 .0  0 . 0  e.. 0 .  
0 .  0 .  0 .  0 0  0 
0 .  0 .  0 0 .  0 0 0 0  0 0  0 
0 0 e.. 0 0 .0  0 0 0  0 0  0 
0 . 0 0  
0 0 0 .  0.0 0 . 0 0  0 . 0  0 0. .  0.0 0 
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Estimated Minimum Performance 
Since it appears t h a t  c e r t a i n  r e a c t i o n s  may be expected t o  approach 
equilibrium flow i n  t h e  nozzle,  whereas f o r  o the r s  it i s  uncer ta in ,  the  
conclusions of t h e  preceeding sec t ions ,  w i th  regard  t o  r e a c t i o n  rates, 
provided t h e  basis f o r  the fol lowing r e a c t i o n  scheme. The fol lowing set  
of r eac t ions  w a s  used f o r  p a r t i t i o n i n g  the d i s s o c i a t i o n  energy ( the  num- 
be r s  correspond t o  the r e a c t i o n s  as given i n  table 11): 
H + H + M * H 2 + M  (5) 
0 + 0 + M +  02 + M (7 1 
Reactions (5), ( S ) ,  ( 7 ) ,  and (15) are "fast" r eac t ions .  React ion 
(8) i s  a "slow" r eac t ion .  The ra te  of r e a c t i o n  (3) i s  unknown and t h e  
r a t e  of r e a c t i o n  (1) w a s  intermediate .  (The des igna t ions  of r e a c t i o n s  
as f a s t  or slow are made w i t h  r e spec t  t o  the res idence  t i m e s  i nd ica t ed  
by f i g .  5).  
If r e a c t i o n s  (5), (6), (7) ,  and (15) axe assumed t o  proceed rapidly 
enough t o  fo l low equi l ibr ium flow i n  t h e  nozzle,  a probable minimum 
thrust l e v e l  somewhat above the completely frozen expansion example may 
be estimated. N e t  j e t  thrusts ca l cu la t ed  i n  t h i s  manner f o r  t h e  hydro- 
carbon and hydrogen cases  are shown as a func t ion  of Mach number i n  f i g -  
ure 6 a long w i t h  the complete equi l ibr ium and completely f rozen  cases .  
The intermediate  curves on these  f i g u r e s  e s s e n t i a l l y  assume that CO, NO, 
and t h e  f r a c t i o n  of H2 that does not t a k e  part  i n  the OH r e a c t i o n  do not 
react,  while the remaining spec ies  do. 
poss ib ly  be considered as the lower thrust  l i m i t  curves based on p resen t  
es t imates  of the r e a c t i o n  rates involved. 
These intermediate  curves might 
0 0 0  0 0 0  0 0 0  0.0 0.0 0.0 0.00 0.0 0.00 0.0 
0 0 . 0 0 .  0 0 0 0  0. 0 0.0 0 0.0 0 0 
0 
0 0 .  0 .  0 .  
0 0 . 0 0 .  0 0  0 0 0  
0 0 0  0 0 0 . 0  0 0  
0.  0 0 0 0.0 0.0 0 0.0 0.00 :..I1 NACA RM E58C25 
CONCLUDING REMARKS 
A s  f l i g h t  Mach nmiber increases ,  and consequently combustion t e m -  
p e r a t u r e  l e v e l s  increase ,  t h e  f r a c t i o n  of the f u e l  energy t h a t  i s  used 
i n  d i s s o c i a t i o n  of t h e  normally complete oxidation products becomes i n -  
c r e a s i n g l y  great. 
Net j e t  thrusts f o r  f rozen  flow were only  one-third t o  one - f i f th  of 
t h a t  f o r  equi l ibr ium flow at  h c h  10 f o r  t h e  t h r e e  f u e l s  c i t e d ,  a hydro- 
carbon, hydrogen, and pentaborane. This r ep resen t s  a l a r g e  d i f fe rence  
i n  f u e l  economy, and may w e l l  mean t h e  d i f fe rence  between an operable 
and nonoperable system. 
A complete t h e o r e t i c a l  ana lys i s  of t he  f low seems improbable a t  
t h i s  t i m e  because of a lack  of knowledge as t o  t h e  exac t  r e a c t i o n s  
occurr ing  and a lack  of r eac t ion - ra t e  information f o r  t h e  r eac t ions .  
Examinations of the d i s soc ia t ed  species involved and t h e  energ ies  
a s soc ia t ed  w i t h  them, i n  t h e  hydrocarbon and hydrogen m i x t u r e s ,  i n d i c a t e  
t h a t  : 
1. A major p o r t i o n  of t h e  d i s soc ia t ion  energy f o r  t h e  hydrocarbon 
m i x t u r e  i s  involved i n  t h e  CO molecule. 
i n d i c a t e s  th is  spec ie s  may not follow equilibrium flow. 
Applicat ion of r e c e n t  rate d a t a  
2. I n  t h e  hydrogen-air mixtures c i t ed ,  the most of t h e  d i s s o c i a t i o n  
energy i s  d i s t r i b u t e d  i n  t h e  chemical products H2, OH, H, and 0. Atomic 
recombination r e a c t i o n s  a r e  probably fast and t h e  flow, wi th  r e s p e c t  t o  
t h e s e  H and 0 recombinations, w i l l  probably be i n  equilibrium. 
3. Some r e a c t i o n  rate da ta  on t h e  OH r a d i c a l  i n d i c a t e  th is  spec ie s  
may fol low a n  equi l ibr ium path.  
4. The r e a c t i o n  r a t e s  of H2 are not known and equi l ibr ium o r  f rozen  
flow cannot be p red ic t ed  from a n a l y s i s  c i t e d  here in .  
5. React ions involving NO decomposition a r e  slow and undoubtedly 
fo l low a f r o z e n  path.  
however, the amount of energy involved with this spec ie s  i s  small. 
I n  both  t h e  hydrocarbon and hydrogen cases  c i t e d ,  
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TABLE I. - EQUILIBRIUM COMF'OS~IONS O F  STOICHIOMETRIC 
HYDROCARBON-AIR MIXTURES 
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TABU 11. - SOME REACTIONS AND THEIR ENERGIES 
[ R e f .  9.3 
R e a c t  i o n  
(1) co + L 02 -+ c02 2 
(2) CO + H20 -+ H2 + C02 
(3) H2 + 02 -+ H20 
(4) H2 + 0 -* H20 
(5) 2H + M + H2 + M 
(6) 2 N  + M + N2 + M 
(7) 20 + M + 02 + M 
1 1 
2 (8) NO + 2 N2 + - 02 
(9) 1 H2 + OH + H20 2 
:lo) co + 0 + c02 
:11) CO + OH + C02 + H 
:12) 
113) 
0 + H + M + O H  + M 
H + OH + H20 
'14) 
15) 
OH + OH + H20 + 0 
H2 + OH + H20 + H 
16)  NO + H2 --t I N2 + H20 2 
H e a t  liberated a t  298' K, 
kcal (reaction q u a n t i t i e s  

















TABLE 111. - DISSOCIATED SPECIES AND THEIR ASSOCIATED ?INEBGIES 
Const i tuent  Mole Kcal Percent  of t o t a l  Reactions 
f r a c t i o n  evolved r e a c t i o n  energy assumed 
i n  r e a c t i o n  (see t a b l e  11) 
co 0.062 4.19 59.2 1 
aH2 .013 . 23  3.3 3,15 
H .008 .65 9.2 573 
NO .015 .32 4.5 8 
0 .008 .47 6.6 7 
OH .018 - 1.22 17.2 15,7 
7.08 100.0 
1 L 
(a) Hydrocarbon p lus  air, s to ich iometr ic ;  p ressure ,  3.4 atmospheres; 
temperature,  5430' R. 
N .0012 

























1.2 6 I 100.0 
(c)  Pentaborane p lus  air ,  s to ich iometr ic ;  p ressure ,  3.4 atmospheres; 


























11.6 I 1 5 , 7  I 
of the hydrogen i s  used i n  t h e  r e a c t i o n  with OH. The energy 
l i s t e d  f o r  H2 is  f o r  the remaining H2. 
1 1 BO + - 02 -+ 
4 
kcal/mole of BO. 
'Reaction: B2O3; heat  l i b e r a t e d  at 298O K, 107.99 
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Figure 1. - Air and combustion product temperature var ia t ion  with Mach 
number. FIydrocarbon fuel, ( CHZ)~ (stoichiometric).  
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Flight Mach number 
Figure 2. - Combustion-chamber pressure for various diffuser 
efficiencies. Altitude, 100,000 feet. 
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